The marine microalga Nannochloropsis oculata was investigated for its biosorption capacity for the removal of Cd(II) ions from aqueous solution using batch mode experiments. pH (2-5), biomass dosage (0.0191 g/50 mL and 0.392 g/50 mL) and temperature (293-323 K) being the experimental parameters affecting the biosorption process were observed. To describe the experimental equilibrium data, Langmuir and Freundlich isotherms models were applied. The biosorption potential of N. oculata biomass for Cd(II) ions was found to be 232.55 mg/g. The calculated thermodynamic parameters (∆G°, ∆H° and ∆S°) showed that the biosorption of Cd(II) ions onto N. oculata was feasible, spontaneous and exothermic at 298-323 K. Evaluation of experimental data in terms of biosorption kinetics showed that the biosorption of Cd(II) by N. oculata well followed pseudo-second-order kinetics. The FTIR spectra indicated that the functional groups predominantly involved in the biosorption were -OH, COO-, -CH and phosphate groups. The XRD pattern of the biosorbent showed a change in crystallinity of N. oculata biomass after the biosorption. It was concluded that N. oculata can be used as an effective, low-cost and environmentally friendly biosorbent for the removal of Cd(II) from aqueous solution.
Introduction
Globally, heavy metal pollution has become a major issue because the heavy metal content in drinking waters and wastewaters often exceeds the permissible standards. Battery manufacturing, metal plating, fertilizer industry, pigment dye stuff, mining operations and textile release heavy metals to environment via their waste effluents (Volesky 1990; Unlu and Ersoz 2006) . Cadmium is one of the most toxic, non-biodegradable heavy metals and accumulated by absorption into living organisms (Victor et al. 2007 ). Cadmium toxicity effects include renal dysfunction, hypertension, hepatic injury, lung damage, anemia and teratogenic effects (Yu et al. 1999; Lodeiro et al. 2006; Kaewsarn and Yu 2001; Cheung et al. 2001) . Cadmium pollution is due to metal plating, metallurgic alloying, ceramics, textile printing industry, photograph development, electroplating, alkaline battery manufacturing industries (Kadirvelu et al. 2001; Zhu et al. 2007) . Therefore, cadmium level in wastewater, drinking water and water used for agriculture should be limited to the maximum permissible concentration (0.01 mg/L) (WPCRT 2004) . The usual methods for the removal of heavy metal ions including cadmium from aqueous solutions can be stated as chemical precipitation, ion exchange, solvent extraction, phytoextraction, ultrafiltration, reverse osmosis, electrodialysis and adsorption (Patterson 1985; Bhattacharya and Mandal 2006) . However, technical or economic constraints limit sometimes the feasibility of such processes.
Biosorption process is emerging as one of the attractive technologies to remove heavy metals from aqueous solution. Biomasses such as bacteria (Iyer et al. 2005) , yeast (Padmavathi et al. 2003) , fungi (Goksungur et al. 2005; Anayurt et al. 2009 ) and algae (Gupta and Rastogi 2008a, b; Gupta and Rastogi 2009) were investigated as biosorbent for the removal of heavy metals. The major advantages of the biosorption technology by the use of inexpensive, naturally abundant algae are its effectiveness in reducing the concentration of colored organic compounds and toxic chemicals with an unpleasant smell (Holan et al. 1993; El-Sikaily et al. 2007) . In algae, the biosorption has mainly been attributed to the cell wall structure containing functional groups such as amino, hydroxyl, carboxyl and sulfate, which can act as binding sites for metals via both electrostatic attraction and complexation (Hamdy 2000) . Marine algae because of their cheap availability in both fresh and saltwater, relatively high surface area and high binding affinity have been found to be potentially suitable biosorbents (Hamdy 2000) . It has been demonstrated that algae biosorbent might be effective in dead cells form. The easier cultivation of microalgae, its higher production yield, higher performance and efficiency because of higher specific biosorption area make microalgae more promising than macroalgae.
Different species of algal biomasses (brown, green and red) have been used for the removal of heavy metals from aqueous solution (Xin Sheng et al. 2004; Kumar et al. 2006; Schmitt et al. 2001) . However, there is no extensive study on the biosorption of Cd(II) using N. oculata, an unicellular green microalgae. An attempt was made by choosing N. oculata in this study due to its renewable and cost-effective nature. The present study focused on the biosorption behavior of Nannochloropsis biomass for the removal of Cd(II) ions from aqueous solution. Experimental parameters affecting the biosorption process such as pH, contact time, biomass dosage and temperature were evaluated. The equilibrium biosorption data were evaluated by Langmuir and Freundlich isotherm models. Bioadsorbent was characterised by FTIR and XRD studies. The biosorption mechanism was also investigated in terms of thermodynamics and kinetics.
Experimental procedures

Biomass preparation
The microalga N. oculata was collected from the Central Marine Fisheries Research Institute (CMFRI), Visakhapatnam. Nannochloropsis oculata was (4 million/mL) rinsed with distilled water twice, filtered by vacuum filtration and resuspended in distilled water. Sodium alginate (5%) solution was prepared with equal quantities of algal solution and alginate solution at room temperature. This uniform mixture of algae and sodium alginate solution (2.5%) was pumped through the peristaltic pump into the 0.5 M CaCl 2 2H 2 O solution. The beads (2 million/mL) were stored at 4 °C overnight for curing with 0.25 M CaCl 2 2H 2 O solution and washed with distilled water to avoid excess CaCl 2 2H 2 O. These beads were used for equilibrium studies. Each 10 mL of beads contained 0.0191 g of dry N. oculata biomass, and this value was used for further calculation.
Reagents and equipments
All chemicals used in this work were of analytical reagent grade and were used without further purification. A PerkinElmer A Analyst 700 flame atomic absorption spectrometer (AAS) with deuterium background corrector was used. All measurements were carried out in an air acetylene flame.
Preparation of adsorbate solutions
Cadmium chloride solution was prepared by dissolving 3.6178 g of cadmium chloride salt in 1000-mL standard volumetric flask with deionized water. The primary stock solution thus had about 2222 ppm of Cd(II) in solution. From the stock solutions, experimental test solutions were prepared by diluting the primary stock solution with demineralized water. pH was maintained at 2-5 by addition of approximate amount of 0.1 N HCl.
Batch biosorption procedure
Biosorption experiments were carried out at the desired pH value, contact time and biomass dosage level using the necessary biomass in a 250-mL stoppered conical flask containing 50 mL of test solution. Initial solutions with different concentrations of Cd(II) were prepared by proper dilution from stock 1000 mg/L Cd(II) standards. Sodium phosphate buffer (0.1 mol/L) was prepared by adding an appropriate amount of phosphoric acid to sodium dihydrogen phosphate solution to result in a solution of pH 2. Ammonium acetate buffers (0.1 mol/L) were prepared by adding an appropriate amount of acetic acid to ammonium acetate solutions to result in solutions of pH 4-6. Ammonium chloride buffer solutions (0.1 mol/L) were prepared by adding an appropriate amount of ammonia to ammonium chloride solution to result in solutions of pH 8. Necessary amount of the biomass was then added, and contents in the flask were shaken for the desired contact time in an electrically thermostatic reciprocating shaker at 200 rpm. The time required for reaching the equilibrium condition was estimated by drawing samples at regular intervals of time till equilibrium was reached. The contents of the flask were filtered through filter paper, and the filtrate was analyzed for metal concentration by using flame AAS. The percent biosorption of metal ion was calculated as follows:
where C O and C T are the initial and final metal ion concentrations, respectively. Biosorption experiments for the effect of pH were conducted by using a solution having 100 mg/L of Cd(II) concentration with a biomass dosage of 10 g/L.
(1)
FTIR studies
The powdered biomass before and after adsorption was air-dried, and the moisture was removed completely at 60 °C in a humidity control oven. The powder was analyzed by Fourier-transform infrared spectrophotometer (FTIR) by potassium bromide (KBr) pellet method in the wave number range of 400.00-4000.00 cm −1 (PerkinElmer No. 72425).
X-ray diffraction analysis
The XRD of each biomass powder sample was obtained using XRD-6000 Shimadzu, Japan Model. The diffracted X-ray intensities were recorded as a function of 2θ, at a scan speed of 1.2°/min, and pattern was recorded from 10° to 70°.
Results and discussion
FTIR analysis
The FTIR spectra of unloaded biomass and Cd(II)-loaded biomass were taken (Fig. 1) could be attributed to the phosphate groups. The significant changes in the wave numbers of these specific peaks suggested that amido, hydroxyl and phosphate groups could be involved in the biosorption of Cd(II) onto N. oculata. The similar results were reported for the biosorption of different heavy metals on various species of algae (Xin Sheng et al. 2004; Murphy et al. 2007 ).
X-ray diffraction
XRD patterns of microalgae N. oculata before and after biosorption are depicted in Fig. 2 , and they indicated poor crystallinity of pure biomass. Furthermore, the shift in 2θ and d spacing values was observed in Cd(II)-loaded biomass. From these observations, it could be concluded that there was a change in the crystallinity of biomass N. oculata after the biosorption.
Effect of pH
The pH plays an important role in the biosorption process of heavy metal ions from aqueous solutions. Algal biomasses contain high content of carboxyl groups from mannuronic and glucuronic acids on the cell wall polysaccharides, which suggests that the biosorption process could be affected by pH changes in the solution. To examine the effect of pH on the cadmium ions removal, several experiments were performed at different pH ranges from 2 to 5 as shown in Fig. 3 . The biosorption efficiency was obtained as 46%, 25% and 18% at pH 5, 3 and 2. All the biosorption experiments were carried out at pH 5 because the maximum efficiency was 
Effect of biomass dosage
The effect of biomass dosage on the biosorption of Cd(II) ions was studied using different biomass dosages of 0.0191 g/50 mL and 0.392 g/50 mL (Fig. 4) . Results showed that the biosorption efficiency is highly dependent on the increase in biomass dosage of the solution. This is expected because the higher dose of adsorbent in the solution, the greater availability of exchangeable sites for the ions. The maximum biosorption of the metal ions was attained at about biomass dosage 0.392 g/50 mL and was almost same at higher dosages. The decrease in biosorption efficiency at higher biomass concentration could be explained as a consequence of a partial aggregation of biomass, which results in a decrease in effective surface area for the biosorption (Karthikeyan et al. 2007 ). Therefore, the optimum biomass dosage was selected as 0.0191 g/50 mL for further experiments.
Effects of contact time and temperature
The contact time was also evaluated as one of the most important factors affecting the biosorption efficiency. Figure 5 shows the biosorption efficiency of Cd(II) ions by N. oculata as a function of contact time and temperature. The biosorption efficiency increases with rise in contact time up to 90 min at 293-323 K, and then, it is almost constant. Therefore, the optimum contact time was selected as 60 min for further experiments. On the other hand, the biosorption yield decreased from 45 to 27% for Cd(II) ion with increasing temperature from 298 to 323 K during a 90-min contact time. This result indicated the exothermic nature of Cd(II) biosorption onto N. oculata. This decrease in biosorption efficiency may be attributed to many parameters: the relative increase in the escaping tendency of the cadmium ions from the solid phase to the bulk phase, deactivating the biosorbent surface or destructing some active sites on the biosorbent surface due to bond ruptures (Meena et al. 2005) or due to the weakness of biosorptive forces between the active sites of the sorbents and the sorbate species and also between the adjacent molecules of sorbed phase. Our results are in agreement with the thermodynamics point of view.
Biosorption isotherm models
A biosorption isotherm is characterized by certain constant values, which express the surface properties and affinity of the biosorbent and can also be used to compare the biosorptive capacities of the biosorbent for different pollutants (Dursun et al. 2005) . In this study, two important sorption isotherm models were selected to fit experimental data, which are, namely, Langmuir and Freundlich isotherm models. Langmuir isotherm models the single coating layer on sorption surface. This model supposes that the sorption process takes place at a specific sorption surface. The attraction between molecules decreases as getting further from the sorption surface. Langmuir isotherm can be defined according to the following equation (Langmuir 1918): where q e is the equilibrium metal ion concentration on the adsorbent(mg/g), C e is the equilibrium metal ion concentration in the solution (mg/L), q m is the monolayer biosorption capacity of the adsorbent (mg/g). b/K L is the Langmuir biosorption constant (L/mg) relating the free energy of biosorption. Figure 5 indicates the linear relationship between the amount (mg) of Cd(II) ions sorbed per unit mass (g) of N. oculata against the concentration of Cd(II) ions remaining in solution (mg/L). The correlation coefficient (R 2 ) was found to be 0.992 for Cd(II) biosorption. The high R 2 values indicated that the equilibrium data fitted well to the Langmuir model. In other words, the sorption of metal ions onto N. oculata was taken place at the functional groups/ binding sites on the surface of the biomass which is regarded as monolayer biosorption. The K L value was found to be 5.4 × 10 −3 L/mg for Cd(II) ion (Fig. 6 ). Freundlich isotherm is used for modeling the adsorption on heterogeneous surfaces. This isotherm can be explained as follows:
where K f is a constant relating the biosorption capacity and 1/n is an empirical parameter relating the biosorption intensity, which varies with the heterogeneity of the material (Figs. 7) . The values of K f and 1/n were found to be 4.4 and 0.3, respectively. The 1/n values were between 0 and 1, indicating that the biosorption of Cd(II) onto N. oculata biomass was favorable at studied conditions. However, compared to the R 2 values, 0.978 with that obtained from the Langmuir model, it can be remarkably noted that the Langmuir isotherm model is better fitted the equilibrium data.
Biosorption kinetics
In order to examine the controlling mechanism of the biosorption process, kinetic models are used to test the experimental data. The equilibrium data were analyzed using two simplest kinetic models, pseudo-first-order and pseudo-second-order model.
The linear form of the pseudo-first-order rate equation by Lagergren (1898) is given as where q t and q e (mg/g) are the amounts of the metal ions biosorbed at equilibrium (mg/g) and t (min), respectively, and k 1 is the rate constant of the first-order equation (min −1 ). The biosorption rate constants (k 1 ) can be determined experimentally by plotting ln(q e − q t ) versus t (Fig. 8) .
The pseudo-second-order kinetic model fitted the experimental data which is given in the following form:
where k 2 (g/mg min) is the rate constant of the second-order equation, q t and q e (mg/g) are the amounts of the metal ions biosorbed at equilibrium (mg/g) and t (min), respectively. This model is more likely to predict kinetic behavior of (4) ln(q e − q t ) = ln q e − k 1 t, biosorption with chemical sorption being the rate-controlling step (Dubinin and Radushkevich 1947) . The linear plots of t/qt versus t for the pseudo-second-order model for the biosorption of Cd(II) ions onto the alga biomass at 293 K was shown in Fig. 9 . These results suggest that this model successfully describes the kinetics of the biosorption of Cd(II) ions onto N. oculata. This conclusion is in agreement with that obtained by other authors (Martinez et al. 2006; Schmitt et al. 2001) . The rate constants (k 2 ), the R 2 and the q e values are given in Table 1 . It is clear from these results that the R 2 values are very high.
Biosorption thermodynamics
Thermodynamic parameters including the change in free energy (∆G°), enthalpy (∆H°) and entropy (∆S°) were used to describe thermodynamic behavior (Choi et al. 2009 ) of the biosorption of Cd(II) ions onto N. oculata. These parameters were calculated from the following equations:
where R is the universal gas constant (8.314 J/mol K), T is temperature (K) and K (qe/C e ) is the distribution coefficient (Dubinin and Radushkevich 1947) . By considering the following equation, the enthalpy (∆H°) and entropy (∆S°) of biosorption were estimated from the slope and intercept of the plot of ln K versus 1/T (Fig. 10) .
The free energy change (∆G°) was calculated to be − 45.94, − 44.02 and kJ/mol for the biosorption of Cd(II) at 298, 313 and 323 K, respectively. The negative ∆G° values indicated thermodynamically feasible and spontaneous nature of the biosorption. The decrease in ∆G° values with increase in temperature shows a decrease in feasibility of biosorption at higher temperatures. The enthalpy of biosorption (∆H°) was found to be − 20.15 kJ/mol. The negative ∆H° is indicator of exothermic nature of the biosorption, and also its magnitude gives information on the type of biosorption, which can be either physical or chemical. The enthalpy value (− 31.8 kJ/mol) indicated that the biosorption process of Cd(II) ions onto N. oculata biomass proceeded chemically because it falls into the 20.9-418.4 kJ/mol (Freundlich 1906) . The ∆S° parameter was found to be 22.8 J/mol K for Cd(II) biosorption. The negative ∆S° value suggests a decrease in the randomness at the solid/solution interface during the biosorption process.
Conclusions
This study focused on the biosorption of Cd(II) ions onto algal biomass (N. oculata) from aqueous solution, and the operating parameters, pH of solution, biomass dosage, contact time and temperature on the biosorption efficiency of Cd(II) were studied. Biosorption equilibrium was better described by the Freundlich isotherm model than the Langmuir isotherm. The monolayer biosorption capacity of N. oculata for Cd(II) was found to be 232.55 mg/g ions. Kinetic examination of the equilibrium data showed that the biosorption of Cd(II) ions onto Nannochloropsis followed well the pseudo-second-order kinetic model. The thermodynamic calculations indicated the feasibility, exothermic and spontaneous nature of the biosorption process at 298-323 K. Based on the results, it can be concluded that the N. oculata is an effective and alternative biomass for the removal of Cd(II) ions from aqueous solution. 
